Combined glenohumeral fractures of the humeral head and the glenoid are rare fracture combinations and their treatment depends on different criteria. When treating these fractures, one has to consider the fracture morphology of both fracture localizations at the proximal humerus, on the one hand, and at the glenoid, on the other hand. In terms of fracture localization, greater tuberosity fractures can be distinguished from proximal humerus fractures (with subcapital fracture component), both of which may occur with glenoid fractures. On the glenoid side, the more frequent large glenoid rim fractures and the rarer glenoid fossa fractures can be found together with a fracture of the proximal humerus.
In recent decades, proximal humerus fractures have been intensively researched, which is reflected by numerous publications in the literature [1, 6, 7, 11, 18-20, 23-25, 27, 31, 32, 38, 41, 42, 48-50, 53] . Glenoid fractures have also been considered in a more differentiated manner in recent years and relevant studies have been published [2, 4, 9, 15, 21, 22, 26, 28, 33, 34, 45, 46, 51] . However, only few data are available about simultaneously occurring (combined) glenohumeral fractures, and their specific therapy in the literature is mostly described as isolated cases in studies focusing on glenoid fractures or in case reports [12, 28, 33, 37, 39, 51] . These combination fractures potentially involve the anterior glenoid rim (Ideberg et al.: 1B [15] , Euler-Rüedi: D1 [10] , Scheibel et al.: 1b/c [47] ) and the glenoid fossa fractures (Ideberg et al.: II-V, Euler-Rüedi: D2/3) combined with greater tuberosity or proximal humerus fractures (Neer I-VI), and all combined glenohumeral fractures are potentially summarized in one type of combination fracture as type E Euler-Rüedi [10] .
The aim of the present baseline study was to analyze all the different fracture types of the glenoid and the humeral head in combined glenohumeral fractures using a specific classification for these fractures. Furthermore, the morphology of the fracture is evaluated, the choice of treatment is demonstrated, and any complications encountered during follow-up are described. In addition, a summary of the existing literature about glenohumeral fractures is given.
Patients and methods

Data collection
All combined fractures of the proximal humerus and the glenoid were reviewed retrospectively using an institutional database (Bergmannsheil Bochum, Ruhr University, Level I trauma center) covering the period 1998-2016. All glenohumeral fractures identified on the humeral side were differentiated into proximal humerus fractures (and the respective number of fracture parts derived by Codeman [8] and Neer [35] ) or only isolated greater tuberosity fractures (one or two fragments or comminuted) and into large fractures of the glenoid rim (one or two fragments or comminuted) or glenoid fossa fractures (Ideberg et al. classification [15] ). The authors define a glenoid rim fracture as an isolated fracture of the glenoid (without the scapula) with the exclusive involvement of the cancellous part of the glenoid (including the glenoid cortical wall). The "large" glenoid rim fracture must be differentiated from small chip fractures, which usually consist of only a small cortical fragment [34, 54] . By contrast, the fossa fracture is defined as a glenoid fracture with its extension into (the cortex of) the scapula (e. g., including the lateral, medial, or superior border [margo medialis/lateralis/ superior] or coracoid process).
Fracture classification
We divided "glenohumeral combination fractures" into four types in a classification shown in . Table 1 . This classification takes into account the increasing size/severity of the glenohumeral fracture parts involved. The very rare additional coracoid process fracture, which can occur simultaneously with an anterior glenoid rim fracture and a greater tuberosity fracture, was not seen at our hospital but is described in case reports or case series [40, 52] and is subsumed as type 1b.
Fracture characteristics and morphology were distinguished and the degree of displacement of the glenoid fracture and the isolated greater tuberosity fracture was measured (in millimeters). Glenoid fractures were defined as having no or mild displacement (0-3 mm) or as displaced (≥4 mm; [22] ). There is no consistent and clear definition of displacement of the greater tuberosity fracture in the literature. The authors generally use three categories of greater tuberosity fracture displacement in which a "moderate" displacement is considered because of its controversial indication for therapy. Thus, tuberosity fractures between 0 and 2 mm were defined as mild or nondisplaced, those between 3 and 4 mm were defined as moderately displaced, and those of ≥5 mm were defined as displaced.
Indications for surgery
The indications for surgery of large glenoid rim fractures are under debate.
We usually indicate surgery in cases of ≥20% anterior glenoid surface involvement in combination with medial displacement of ≥3 mm or a fracture gap of ≥5 mm (enface view) in middleaged patients. In younger individuals (≤35 years), the indication for (usually arthroscopic) refixation is more stringent with the aim of restoring the glenoid surface to avoid re-instability. In glenoid fossa fractures we consider the limit for operative treatment to be ≥4 mm medial displacement and ≥4 mm fracture gap (enface view) because of the inferior results achieved for glenoid fossa fractures in a nonoperatively treated case series of patients with ≥5 mm displacement or ≥5 mm fracture gap [22] . The indication for surgery for greater tuberosity fractures is ≥4 mm cranial displacement and ≥5 mm posterior displacement and for proximal humerus fractures the Neer criteria [36] are applied (in addition to the 4-mm limit for cranial tuberosity displacement) with, additionally, a tilt of the humeral head of more than 20°. The concentricity of the humeral head is a prerequisite for nonoperative treatment in order to avoid chronic decentricity, which can occur in glenoid fractures. Within the different groups, the respective treatment (operative/nonoperative) and potential secondary interventions were analyzed regarding reason and type of surgery. In addition, detectable or documented complications during the follow-up were evaluated. Age, gender, and trauma mechanism were noted. In the case of nonoperative treatment of both fractures or one of the combined fractures, pendulum exercises were recommended for 10 days followed by passive range of motion (ROM) with up to 90°abduction/flexion for 4-6 weeks.
In the case of operative treatment, the standard postoperative protocol usually includes passive ROM with 60°a bduction/flexion for 3 weeks and subsequently 90°passive ROM for a further 3 weeks; in exceptional cases, however, the treating surgeon may make individual decisions regarding the postoperative rehabilitation protocol depending on the intraoperative findings.
Results
In total, 52 patients with a combined glenohumeral fracture were identified retrospectively; type 1 glenohumeral combination fractures were the most frequent (n = 26) fracture type followed by type 2 (n = 20). Glenohumeral combination fractures with involvement of the glenoid fossa were rarely encountered: There were four type 3 and two type 4 glenohumeral combination fractures.
Type 1
The patients with a large glenoid rim fracture combined with a greater tuberosity fracture (n = 26) had an average age of 64 years (25-92 years, female: n = 14, n = male: n = 12). The most frequent trauma mechanisms were shoulder dislocations in 24 cases (92%) and a direct impact on the shoulder in two cases (8%).
The overall displacement (coronary plane) of the large anterior glenoid rim fracture was 8.4 mm on average (0-21 mm) and the displacement in the en-face view (sagittal plane, "fracture gap") was 5 mm on average (1-14 mm). In the majority of cases (n = 21, 81%), the large glenoid rim fracture consisted of one fragment (two fragments:
The greater tuberosity fracture of all shoulders with type 1 fracture was displaced by 4.5 mm on average (0-20 mm). The greater tuberosity displacement was classified as no or mild displacement in 13 patients, moderate in six, and as displaced in seven patients. Regarding the differentiation into the respective direction of the dislocation, the greater tuberosity was displaced cranially in ten (on average 3 mm) of the shoulders and posteriorly in 11 (Ø 7 mm; nondisplaced: n = 5, Ø 0 mm). In the patient cohort, the greater tuberosity consisted of one fragment in eight patients, two fragments in four patients, and it was comminuted in most of the cases (n = 14).
The therapeutic management of the patients differed in the cohort. In 11 (42%) patients, both lesions were treated nonoperatively and in nine patients (35%) the combined fractures were treated surgically (including two older Results. In total, 52 patients with a glenohumeral combination fracture were identified. There were 26 (50%) type 1 fractures (anterior glenoid rim fracture/greater tuberosity fracture), 20 (38%) type 2 fractures (anterior glenoid rim fractures and proximal humerus fractures), four (8%) type 3 fractures (glenoid fossa fractures and greater tuberosity fractures), and two (4%) type 4 fractures (glenoid fossa fractures and proximal humerus fractures). In the majority of patients (n = 25), both lesions of the combined fractures were treated operatively, in 15 both fractures were treated nonoperatively, and in 12 patients only one of the two lesions was treated surgically. Complications were encountered in 21% of cases, particularly on the humeral side. patients aged 77 and 92 years who were treated with a reversed prosthesis). In four of the patients (15%), only the anterior glenoid rim fracture was fixed (using an open approach in three cases and arthroscopically in one case) while the greater tuberosity was managed conservatively because of no or moderate displacement (Ø 1 mm, 0-3 mm; n = 2 cranial displacement, n = 1 posterior displacement). By contrast, in two patients (8%) only the greater tuberosity was refixed while the glenoid rim fracture was treated nonoperatively because the glenoid rim lesion was overlooked in one case and because of mild displacement in the second case (3mm, coronary plane; . Fig. 1 ). An overview of the different types of fractures and their respective treatment is given in . Fig. 2 .
Conclusion
The large glenoid rim fractures that were treated by surgery had a larger average medial displacement of 14 mm (4-21 mm) in contrast to the glenoid rim fractures that were treated nonoperatively with 6 mm on average (0-14 mm) in the coronary plane. Also, the greater tuberosity fractures that were treated operatively were more displaced (Ø 7.6 mm; 1-20 mm), than those treated conservatively (Ø 2 mm; 0-7 mm). Two older patients (86 and 76 years of age) were treated nonoperatively despite having large displaced glenoid rim fractures (8 and 14 mm [coronary plane]; posteriorly displaced greater tuberosity fracture in one case [7 mm ]) because of rejection of the recommended surgery and comorbidities. In one patient, only the greater tuberosity was fixed, leaving the medially displaced glenoid rim fracture (13 mm) to be managed nonoperatively, because the fracture was overlooked before (and during) the surgery (as mentioned earlier).
During the follow-up, complications were observed in four patients (15%). There were two cases with a secondary displacement of a nonoperatively treated comminuted greater tuberosity (one after operative refixation of the glenoid and another after nonoperative treatment of the glenoid). The first showed a comminuted greater tuberosity with a slight cranial displacement of 1 mm on the initial radiographs and a secondary increase of the cranial displacement of 6 mm of the greater tuberosity was observed after 3 weeks (with continued nonoperative treatment and no further displacement on subsequent radiographs). In the second case, the (comminuted) greater tuberosity (3 mm cranial displacement) was observed with a secondary cranial displacement of 9 mm after 6 weeks but the patient declined further therapy. Furthermore, one patient suffered from a redislocation after refixation of only the glenoid rim fracture and presented with a chronic locked shoulder dislocation after 6 weeks but did not want to undergo further treatment because of advanced age (82) and comorbidities. One patient needed arthroscopy several months after nonoperative treatment of the combined glenohumeral fracture because of residual pain; pathology of the long head of the biceps was found, which was addressed via tenodesis.
Type 2
In total, 20 patients (38%) had a combination fracture of a glenoid rim fracture and a proximal humerus fracture. The average age of the patients was 63 years (47-82 years) including 11 female and nine male patients. In all cases, the trauma mechanism was a direct impact on the shoulder. The glenoid rim fracture displacement was Ø 7 mm (0-18 mm) on average in the coronary plane and 4 mm (1-10 mm) on average in the sagittal plane. The majority of the patients had complex proximal humerus fractures in combination with a large anterior glenoid rim fracture. The most frequently observed fractures were three-part fractures (including the greater tuberosity) in 13 (65%) patients, followed by four-part fractures in four (25%) cases, while there were only two (10%) patients with a two-part fracture in the surgical neck.
In the majority of the patients, both injuries of the combined fractures were treated surgically (n = 12, 60%; . Fig. 3) . In these cases, the average medial displacement of the anterior glenoid rim fracture was 9 mm (2-18 mm). In six patients (30%), only the proximal humerus was treated operatively, while the anterior glenoid rim fracture was managed nonoperatively with an average glenoid rim fracture displacement of 5.5 mm (coronary plane, 0-13 mm). In two of these patients, the glenoid rim lesion (4-and 6-mm medial displacement) was overlooked on the initial radiographs and treated nonoperatively. In one patient with a wide medially displaced (13 mm) glenoid rim fragment, the proximal humerus was treated surgically and the remaining glenoid rim fracture was managed nonoperatively, because of the individual decision of the treating surgeon.
In only two of all patients was nonoperative treatment of both lesions decided because of mildly displaced proximal humerus two-part and three-part fractures and a non-or mildly and medially displaced glenoid rim fracture (2 and 1 mm). There was no case in which only the glenoid rim fracture was fixed leaving the proximal humerus fracture to be treated nonoperatively (. Fig. 2 ).
Complications were found in six cases (30%), particularly on the humeral side. In one patient in whom only the proximal humerus was fixed with plate osteosynthesis, the humeral head showed a decentricity on the postoperative followup radiographs together with a secondary displacement of the greater tuberosity. In a patient who was treated with a hemiarthroplasty on the humeral side (and screw fixation of the glenoid rim fracture), a secondary displacement of the refixed greater tuberosity with a partial resorption was observed. Periarticular calcifications at the humerus were found during follow-up in one patient. Partial avascular necrosis (AVN) was found in two patients on the humerus after plate osteosynthesis. One patient showed partial AVN of the humeral head and in another patient partial AVN of only the greater tuberosity was observed. On the glenoid side, screw loosening was found in one case but without further surgery or displacement of the fragment.
Type 3 and 4
Combined glenohumeral fractures with a glenoid fossa fracture are much less common than type 1 or type 2 fractures (. Fig. 2) . Type 3 and type 4 combination fractures were found in only six cases (female n = 3, male n = 3; Ø 56 years, 23-81 years). In all cases, the trauma mechanisms were a direct fall on the shoulder but usually from some height (e. g., ladder, riding accident). In the type 3 group (n = 4), greater tuberosity fractures comprised one fragment in one case, two fragments in one case, and they were comminuted in two patients. The greater tuberosity displacement was on average Ø 3 mm (0-5 mm; non-/mildly displaced [lateral]: n = 2, moderately displaced [lateral]: n = 1, displaced [cranial/dorsal]: n = 1). Both proximal humerus fractures in the type 4 group (n = 2) were two-part fractures.
According to the Ideberg et al. classification of glenoid fractures, mostly type 2 glenoid fossa fractures (n = 5) were noted and in only one case (n = 1) was a type 5 glenoid fossa fracture found. The average medial displacement of the glenoid fossa fracture was Ø 4 mm (0-7 mm) in the coronary plane (intra-articular step-off) and the displacement in the sagittal plane ("fracture gap") was Ø 4 mm (1-8 mm).
In two cases, the combined fractures were treated nonoperatively and in four patients the combined fractures were both treated operatively (. Figs. 2 and 4) . All surgically treated glenoid fossa fractures (n = 4) were treated with plate osteosynthesis (open reduction and internal fixation [ORIF]) using a posterior approach. The operatively treated greater tuberosity fractures (n = 4) were fixed via a mini-open approach using screws (n = 3) or tension wiring (n = 1) and the surgically treated proximal humerus fracture (n = 1) was treated by plate osteosynthesis. As a complication, in the patient with a type 4 glenohumeral combination fracture, the proximal humerus plate showed a bending of the plate -after a likely secondary stress fracture during the posttreatment course on a followup radiograph 3 years after ORIF (of both lesions; . Fig. 5) . The plate at the proximal humerus and the glenoid was subsequently removed. Further complications were not found in the type 3 and 4 groups.
The operatively treated glenoid fractures (n = 4) had a medial displacement of 5 mm (3-7 mm) on average and a displacement in the sagittal plane of Ø 5 mm (1-8 mm) . The operatively treated greater tuberosity fractures had a (cranial or lateral) displacement of 3 mm (1-5 mm) on average. Within the group of nonoperatively treated glenoid fossa fractures (n = 2), the medial displacement was 0 and 5 mm with a displacement in the sagittal plane of 2 and 6 mm. Despite the significant displacement of the glenoid (5 mm coronary plane/6 mm sagittal plane) in one of these two patients, a nonoperative treatment was chosen because of advanced age (81 years; greater tuberosity fracture: 1 mm displaced laterally).
Discussion
Large anterior glenoid rim fractures with a concomitant fracture of the greater tuberosity (type 1) were most frequently seen at our hospital followed by combination fractures of the proximal humerus (type 2). The rarest glenohumeral fracture combinations were glenoid fossa fractures together with In a study about the nonoperative treatment of large anterior glenoid rim fractures (n = 14), five cases with an additional nondisplaced greater tuberosity fracture were found and were all treated nonoperatively, but two of these patients with a fracture of the greater tuberosity had a loss of external rotation of 10å nd 20˚, respectively [34] . Robinson et al. described 11 cases with a combined glenoid rim and greater tuberosity fracture (type 1a) in a large cohort of 538 patients with first-time traumatic anterior shoulder dislocations, which corresponds to 2% of all traumatic shoulder dislocations [43] . The re-instability rate of the whole collective was analyzed in the first 6 weeks and seven of the 11 combined fractures showed re-instability with subsequent ORIF. During the surgery, the authors estimated "restoration of shoulder stability" by testing of the full passive ROM. The authors describe restoration of stability during surgery after fixation of only the glenoid rim without fixation of the greater tuberosity in four of the cases. In the other three patients in whom stability could not be restored by fixing the glenoid only, fixation of the greater tuberosity was carried out. At 1 year after the surgery, "satisfactory functional scores" and no instability were reported [43] . In contrast to these data, no reinstability was found in our group of patients with type 1 fractures, in whom the combined fractures were both treated nonoperatively.
A few combination fractures have been reported in retrospective studies with the focus on either large operatively treated glenoid rim fractures [33, 39, 51] or refixed greater tuberosity fractures [17] . In two studies dealing with operative treatment of large anterior glenoid rim fractures, one fracture of the greater tuberosity was fixed percutaneously during the same operation and an additional greater tuberosity fracture and a proximal humerus fracture were treated by ORIF [33, 51] . In their study of 20 surgically treated (ORIF) anterior glenoid rim fractures, Osti et al. found five patients with an associated fracture of the greater tuberosity and two patients with a concomitant proximal humerus fracture (both three-part fractures).
Both proximal humerus fractures were (additionally) treated surgically (ORIF) and one of the greater tuberosity fractures was refixed because of "significant displacement. " Three of the patients with concomitant injuries showed a restricted ROM presumably because of a less aggressive rehabilitation protocol [39] .
In a study of arthroscopic refixation of greater tuberosity fractures, three type 1 combination fractures were found and the additional glenoid rim fractures were all treated with suture anchors. The authors describe early degenerative change of the glenoid rim and intermittent shoulder pain after 2 years [17] .
Garofalo et al. published the only study (n = 26) of glenohumeral combination fractures (of type 1 and type 2) that were all treated by reversed prosthesis and additional bone grafting. The patients had overall excellent and good results at the final follow-up [13] . However, the number of proximal humerus fractures and only greater tuberosity fractures in their cohort of combination fractures is not listed explicitly and remains unclear. In terms of complications, only one case of superficial infection and two cases of heterotopic ossifications were found [13] .
Concomitant fractures of the humeral head are more rarely described in the literature in combination with glenoid fossa fractures (type 3 and 4). Nork et al. described in their surgically treated patient cohort of 17 patients one case with a concomitant proximal humerus fracture, but no further information is given about that case [37] . Two further studies include a mixed cohort of intra-and extra-articular scapula fractures (n = 62 [3] and n = 22 [14] ) and concomitant "humerus fractures" (n = 7 [3] , n = 3 [14] ), but they are a mixed collective with extra-articular scapula fractures and it remains unclear whether humerus shaft fractures or proximal humerus fractures are involved [3, 14] .
Type 1 glenohumeral combination fractures were most frequently seen at our hospital over the observation period (50% of all combination fractures), followed by type 2 (38%). Type 3 fractures were present in 8% of cases and type 4 in only 4%. The incidence of the different glenoid fractures corresponds to the numerical distribution of the glenoid fractures in the literature, in which glenoid rim fractures are more frequently seen than glenoid fossa fractures [15, 45] . Interestingly, five (83%) of the six glenoid fossa fractures were type 2 Ideberg et al. classification, which suggests a uniform traumatic pathomechanism of such combined glenohumeral fractures, because in isolated glenoid fossa fractures there is not such a clear distribution in favor of one fracture type [15, 22, 45] .
The highest complication rate in our study was found after ORIF in type 2 combination fractures, followed by complications in type 1 fractures. The reason that only one complication was found in the type 3 and 4 fractures is probably due to the low number of cases in these both groups. It is noteworthy that most of the complications were found on the humeral side in type 1 (and type 4) but particularly in type 2 fractures. This corresponds to the results of studies of (isolated)proximal humerus fractures, which usually have higher complication rates after surgery (ORIF and hemiarthroplasty) than studies of operatively treated glenoid rim or glenoid fossa fractures [5, 18, 24, 25, 27, 29, 30, 38, 39, 44-46, 50, 53] .
In one case of a type 1 combination fracture and in two cases of type 2 fractures, the anterior glenoid rim fracture was overlooked on the initial radiographs and only the greater tuberosity or the proximal humerus were treated surgically. Thus, the surgeon should be aware of the occurrence of glenohumeral combination fractures and should bear in mind to check the anterior sclerotic line of the glenoid [16] in order to exclude concomitant glenoid rim lesions.
Limitations
There are some limitations in the present study. The analysis included patient records but not clinical scores with a specific follow-up. Although most patients return for regular follow-up, some complications can presumably go unnoticed in the posttreatment course if they are lost to follow-up or treated at another hospital. The indications for surgery and the term "displaced" are not defined clearly in the literature. Therefore, the indications were not standardized and were partially based on the evaluation of the treating surgeon or, occasionally, on the individual wishes of the patient. 
